Introduction {#S0001}
============

Pancreatic cancer is a common malignant tumor of the digestive system, characterized by insidious onset, high degree of malignancy, rapid development and poor prognosis, with a five-year survival rate of less than 6%.[@CIT0001],[@CIT0002] In Western countries, pancreatic cancer is already the fourth leading cause of malignant tumor--related death, and by 2030, pancreatic cancer is expected to be the second leading cause of cancer-related death in the United States.[@CIT0003],[@CIT0004] Surgical resection combined with chemotherapy is still the main clinical treatment for pancreatic cancer.[@CIT0005] However, multiple complications and insensitivity to chemotherapy drugs have become the main causes of recurrence and metastasis.[@CIT0006],[@CIT0007] Therefore, a deep understanding of the molecular mechanisms underlying the occurrence and development of pancreatic cancer to find effective strategies for the treatment of pancreatic cancer is imminent.

TMEFF2, a novel member of the EGF-like protein family, was found to possess the characteristics of tumor suppressor in recent years because it inhibited proliferation of tumor cells in vitro and growth of tumors in nude mice.[@CIT0008],[@CIT0009] TMEFF2 is a transmembrane protein with EGF-like and two follistatin-like domains.[@CIT0010] Recent research indicated that TMEFF2 was obviously downregulated in gastric cancer patients, which was closely associated with poor prognosis such as large tumor size and advanced clinical stage.[@CIT0011] Green et al[@CIT0012] illustrated that TMEFF2 overexpression might inhibit sarcosine-induced invasion by interacting with sarcosine dehydrogenase. The tumor suppressive effect of TMEFF2 in prostate cancer has also been confirmed, and researchers explained that TMEFF2 might inhibit prostate cancer cells migration and invasion by modulating integrin expression and RhoA activation.[@CIT0013],[@CIT0014] Suarez et al[@CIT0015] reported low expression of TMEFF2 in glioma, which was associated with poor prognosis of glioma patients.

Overall, relatively few studies on TMEFF2 in human diseases have been discovered, and in the last 5 years, research about the effects of TMEFF2 expression on human tumors were also rarely emerged. Currently, no studies have been found on the effects of TMEFF2 expression on the progression of pancreatic cancer. This article firstly explored TMEFF2 expression in pancreatic cancer and its impact on the development of pancreatic cancer, aiming to provide a potential target for the targeted treatment of pancreatic cancer.

Methods {#S0002}
=======

Patients and tissue specimens {#S0002-S2001}
-----------------------------

A total of 72 patients who were diagnosed with pancreatic cancer in the Affiliated Shanghai No. 10th People's Hospital, Nanjing Medical University, from June 2016 to September 2018 were enrolled, and tumor tissues as well as adjacent normal tissues from these patients were collected during surgery. The clinical information (including age, gender, tumor size, clinical stage, distant metastasis and differentiation) of these patients is listed in [Table 1](#T0001){ref-type="table"}. This study has obtained written informed consent from all patients and has been approved by the ethics committee of the Affiliated Shanghai No. 10th People's Hospital, Nanjing Medical University, and complied with the Declaration of Helsinki.Table 1The relationship between TMEFF2 expression and clinical featuresFeaturesnTMEFF2 expression*P*High (n=41)Low (n=31)Age\
 \<65\
 ≥65\
31\
41\
18\
23\
13\
18\
0.41Gender\
 Male\
 Female\
46\
26\
29\
12\
17\
14\
0.36Tumor size (cm)\
 \<4\
 ≥4\
42\
30\
29\
12\
13\
18\
\<0.05Clinical stage\
 Early stage\
 Advanced stage\
32\
40\
22\
19\
10\
21\
\<0.01Distant metastasis\
 No\
 Yes\
37\
35\
23\
18\
14\
17\
0.08Differentiation\
 Well\
 Moderate\
 Poor\
19\
27\
26\
15\
17\
9\
4\
10\
17\
\<0.05

Cell lines {#S0002-S2002}
----------

Human normal pancreatic ductal epithelial cell line (HPDE6-C7) and pancreatic cancer cell lines (SW1990, Bxpc3, CFPAC1, Panc1 and AsPC1) were purchased from the cell bank of Peking Union Medical College (Beijing, China). DMEM containing 10% fetal bovine serum (FBS), 100 units/mL of penicillin and 100 μg/mL of streptomycin was prepared to culture cells in 25-mL sterile culture flasks at 37°C, 5% CO~2~, in an incubator. The DMEM in each flask was changed every two days. After three passages, cells were harvested in the logarithmic growth phase.

Transfection {#S0002-S2003}
------------

AsPC1 and Panc1 cells in the logarithmic growth phase were separately prepared as single cell suspension (1 × 10^5^ cells/mL) by using DMEM (without FBS). Each cell line was inoculated separately in 6-well plates with 1 mL cell suspension per well. After 24-hr incubation at 37°C, 5% CO~2~ in the incubator, cells in each well were transfected by pCDNA3.1-TMEFF2 overexpression vector (TMEFF2 group) and pCDNA3.1 empty vector (NC group), respectively. In addition, AsPC1 cells were also subjected to transfection with TMEFF2 siRNA (siTMEFF2 group) and negative control (siNC group). All plates were placed in the incubator for 6 hrs at 37°C, 5% CO~2~ conditions. The residual liquid in each well was discarded and replaced with fresh DMEM containing 10% FBS. All cells in each plate had undergone 48-hr culture at 37°C, 5% CO~2~ in the incubator.

Cell treatment with SB203580 {#S0002-S2004}
----------------------------

AsPC1 cells of siNC group and siTMEFF2 group were seeded in 6-well plates with a density of 1 × 10^5^ cells per well. Each well contained 1 mL DMEM (with 10% FBS). SB203580 (Calbiochem, San Diego, CA), dissolved in DMSO, was added to AsPC1 cells of siTMEFF2 group to a final concentration of 40 μM \[16\], and these cells were set as siTMEFF2+ SB203580 group. Equivalent volume of DMSO was also used to treat AsPC1 cells of siNC group and siTMEFF2 group along with being named siNC + DMSO group and siTMEFF2+ DMSO group. Meanwhile, AsPC1 cells without any treatment were also inoculated in 6-well plates with 1 × 10^5^ cells and 1 mL DMEM (with 10% FBS) in each well. SB203580 dissolved in DMSO was then added into each well to a final SB203580 concentration of 40 μM (SB203580 group). All plates were placed in the incubator at 37°C, 5% CO~2~ surroundings.

CCK8 assay {#S0002-S2005}
----------

Cells in logarithmic growth phase were harvested and seed in 96-well plates with 2 × 10^3^ cells each well. A total of 100 μL DMEM containing 10% FBS was added to each well. Six duplicate wells were set in each group. All plates were placed in the sterile incubator for 0-, 24-, 48- and 72-hr incubation, respectively, at 37°C, 5% CO~2~ conditions. The culture medium in each well was changed once a day. At each time point, plates of each group were removed from the incubator and 10 μL of CCK8 solution (5 mg/mL) was added to each well. Plates were then returned to the incubator for 1-hr incubation. At 450-nm wavelength, the OD of each well was measured by a microplate reader (Biotek instrument, USA).

Colony formation analysis {#S0002-S2006}
-------------------------

A total of 5 mL single-cell suspensions of each group was inoculated into 600 culture dishes at a density of 1 × 10^3^ cells/mL. All of these culture dishes were placed in the incubator for 2 weeks incubation at 37°C, 5% CO~2~. The culture medium in the culture dishes was changed every 3 days. Two weeks later, culture dishes were removed from the incubator and 4% paraformaldehyde was used to fix cells for 15 mins. Cells were then subjected to 0.1% crystal violet staining for 10 mins. All culture dishes were placed under a microscope and colony number of each group was counted with five non-overlapping fields. More than 50-cell aggregation was considered as one colony.

In vivo studies {#S0002-S2007}
---------------

Twelve nude mice (Shanghai Experimental Animal Center, Chinese Academy of Sciences) were kept in a sterile room at 25°C and were given free access to water and diet. In this study, all animal experiments have been approved by the Animal Ethics Committee of the Affiliated Shanghai No. 10th People's Hospital, Nanjing Medical University,and were performed in accordance with the guidelines of the National Institutes of Health for the Care and Use of Laboratory Animals.

AsPC1 cell suspensions (dispersed in PBS, 1 × 10^5^ cells/mL, 100 μL) of NC group and TMEFF2 group were subcutaneously injected into the back of nude mice. Each cell suspension was randomly injected with 6 nude mice. All nude mice were continued to be reared in the original environment. On the 7th, 14th, 21st, 28th and 35th day of the injection, the long (a) and short (b) diameter of subcutaneous tumors were measured using a vernier caliper to calculate tumor volume using the formula of (a × b2 × π)/6. On the 35th day, subcutaneous tumor tissues were collected after nude mice were sacrificed and tumor weight was detected.

Transwell experiment {#S0002-S2008}
--------------------

The upper chamber of the Transwell chamber with a pore size of 8 μm was coated with a layer of 100 μL Matrigel to detect the invasion ability of cells. It should be noted that, in the detection of cells migration ability, Matrigel was not be allowed to be placed in the upper chamber of the Transwell chamber. Cells in the logarithmic growth phase were prepared as single-cell suspensions using DMEM serum-free medium (1 × 10^5^ cells/mL). A total of 100 μL cell suspensions were added to the upper layer of the chamber. The lower chamber contained 600 μL DMEM medium containing 10% FBS. All Transwell chambers were placed in the incubator for 24 hrs at 37°C, 5% CO~2~. Then, these Transwell chambers were removed from the incubator, and cells remaining on the upper membrane of the chamber were gently scraped off using a cotton swab. Formaldehyde (4%) was used to fix cells that passed through the membrane. These cells then underwent crystal violet staining for 10 mins and were observed under a microscope. Five non-overlapping fields were randomly selected to count the number of cells passing through the membrane.

Immunohistochemistry {#S0002-S2009}
--------------------

Tumor tissues were fixed in formalin, embedded in paraffin and cut into slices of 4-μm thickness. All tumor sections were subjected to dewaxing and hydration using xylene and gradient ethanol. After being subjected to antigen retrieval using 0.01 M citrate buffer, sections were washed with PBS for 3 times and then incubated with 3% H~2~O~2~ for 10 mins to remove endogenous peroxidase activity. Washing 3 times with PBS was still necessary for these tissues. Goat serum was used to block sections for 30 mins. Mouse anti-human Ki67 monoclonal antibody (1:100, Fuzhou Maixin Biotechnology Development Co. Ltd, Fuzhou, China) and mouse anti-human TMEFF2 monoclonal antibody (1:100, Novus Biologicals, Littleton, Colorado, USA) were added to the sections. All sections were placed in a refrigerator for overnight incubation at 4°C. After washing 3 times with PBS, the sections were incubated with horseradish peroxidase--labeled secondary antibody (1:500, Biogenex, San Ramon, CA, USA) for 30 mins at room temperature. PBS was used to rinse sections for 3 times for 5 mins each rinse. DAB color reaction and hematoxylin counterstaining were performed on the sections. Subsequently, all the sections were dehydrated and sealed with neutral resin. TMEFF2 or Ki67-positive expression cells were observed and counted under a microscope with 5 random non-overlapping fields. Cells with brownish yellow particles were considered positive expression cells.

Tunel test {#S0002-S2010}
----------

Dewaxed tumor tissue sections were incubated with 0.2% Triton X-100 for 10 mins and then incubated with 45 μL Tunel test solution for 1 hr at room temperature in the dark. After washing 3 times with PBS, the sections were observed under a fluorescence microscope. Five tumor sections were randomly selected from each tumor tissue and 3 non-overlapping fields of each section were randomly selected to count the number of Tunel-positive cells.

qRT-PCR {#S0002-S2011}
-------

This research detected the TMEFF2 mRNA expression by using qRT-PCR. Biefly, total RNA in tissues and cells was collected using RNeasy mini kit (Qiagen, Valencia, CA). A total of 1 μg RNA sample was subjected to reverse transcription reaction using SuperScript III First-Strand synthesis system (Life Technologies, Grand Island, NY) in order to obtain cDNA template. The PCR program was set as follows: 95°C for 5 mins and 40 cycles of 95°C for 1 min, 58°C for 1 min and 72°C for 30 s. TaqMan Gene Expression Assay (Applied Biosystems, Carlsbad, CA) on the ABI 7300 Real-Time PCR system was used to carry out the abovementioned PCR program. Primer sequences were listed as follows: TMEFF2, forward, 5ʹ -CTGATGGGAAATCTTATGATAATG-3ʹ, reverse, 5ʹ -CAGGAACAACGTAGAGAACACTGT-3ʹ. β-actin (internal control), forward, 5ʹ-TTCGAGCAGGAATCTGACACAT-3ʹ, reverse, 5ʹ-CAATGATGGCTGGAAGAGGAC-3ʹ. Data was processed by 2^−ΔΔCt^ method.

Western blot {#S0002-S2012}
------------

Cells and tissues that were ground into powder in liquid nitrogen were lysed in ice-cold RIPA buffer (Beyotime, China). Through centrifugation at 4°C, impurities such as insoluble materials and cell debris were removed. Protein samples were obtained and boiled with loading buffer at 100°C. Totally, 80 µg of each protein sample was subjected to 2 hrs of SDS-PAGE electrophoresis, followed by being transferred to a PVDF membrane at a voltage of 15 V. The PVDF membrane was incubated for 1 hr at room temperature in 5% skim milk powder and was placed in the refrigerator overnight at 4°C to incubate with primary antibodies (mouse anti-TMEFF2, 1:1000, R&D Systems, Wiesbaden, Germany; mouse anti-E-cadherin, 1:1000, BD Biosciences, Palo Alto, CA; rabbit anti-Snail, 1:1000, Imgenex, San Diego, CA, USA; mouse anti-Vimentin, 1:1000, Cell Signaling Technology, Danvers, MA, USA; rabbit anti-MMP-2 and rabbit anti-MMP-9, 1:1000, Bioworld Tech., MN, USA; rabbit anti-p-JNK, rabbit anti-JNK, rabbit anti-p-P38 and rabbit anti-P38, 1:1000, Cell Signaling Technology, Danvers, MA, USA; mouse anti-β-actin, 1:1000, Sigma, St. Louis, MO, USA; rabbit anti-Ras, rabbit anti-Raf, rabbit anti-p-Raf, rabbit anti-MEK, rabbit anti-p-MEK, rabbit anti-ERK and rabbit anti-p-ERK, 1:1000, BD Biosciences, Palo Alto, CA). TBST was used to wash the membrane, and horseradish peroxidase-conjugated secondary antibody (1:5000, Dako, Denmark) was selected to incubate the membrane for 2 hrs at room temperature. At last, immune blot signals were detected by ECL system (Thermo Fisher, USA). β-actin was served as an internal control.

Statistical analysis {#S0002-S2013}
--------------------

In this paper, all experiments were performed independently 3 times. Data was exhibited in a form of mean ± SD with SPSS 19.0 (SPSS Inc., Chicago, IL, USA) as the processing software. Student's *t*-test or one-way ANOVA was used to analyze data from two or multiple groups, respectively. Pearson's χ2 test was used to analyze the correlation between clinicopathological features and TMEFF2 expression in pancreatic cancer patients. *P*\<0.05 meant statistically significant.

Results {#S0003}
=======

Low expression of TMEFF2 in pancreatic cancer was associated with poor outcome of patients {#S0003-S2001}
------------------------------------------------------------------------------------------

TMEFF2 mRNA expression in tumor tissues and adjacent normal tissues of 72 pancreatic cancer patients were detected, and significantly lower TMEFF2 mRNA expression was found in tumor tissues when compared with that in normal tissues (*P*\<0.001) ([Figure 1A](#F0001){ref-type="fig"}). We also analyzed the relationship between TMEFF2 protein expression level and patients' clinical features. As shown in [Table 1](#T0001){ref-type="table"}, it could be noted that gender, age and distant metastasis did not significantly affect the expression of TMEFF2 protein. However, tumor size, clinical stage and differentiation had obviously effect on TMEFF2 protein expression level. For patients with larger tumor size, advanced stage and poor differentiation, the TMEFF2 protein expression in their tumor tissues was much higher than those with smaller tumor size, early stage, and moderate and well differentiation (*P*\<0.05 or *P*\<0.01).Figure 1TMEFF2 was overexpressed in pancreatic cancer tissues and cells. (**A**) Significantly lower TMEFF2 mRNA expression was found in tumor tissues when compared with that in normal tissues. (**B** and **C**) According to Western blot and immunohistochemistry, TMEFF2 protein expression in tumor tissues was gradually decreased with the increase of clinical stage. (**D** and **E**) The relative TMEFF2 mRNA level and protein expression level were both much declined in pancreatic cancer cells than that in human normal pancreatic ductal epithelial cells. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.

We have a more detailed distinction on clinical stages of patients. Compared with normal tissues, much reduced TMEFF2 protein expression was found in tumor tissues of patients with stage I (*P*\<0.01). Tumor tissues of patients with stage II showed markedly lower TMEFF2 protein expression than those with stage I (*P*\<0.01). No significant difference was found in TMEFF2 protein expression between patients with stage II and stage III. However, obviously decreased TMEFF2 protein expression was observed in tumor tissues of patients with stage IV when compared with patients with stage III (*P*\<0.05) ([Figure 1B](#F0001){ref-type="fig"}). Immunohistochemistry results also revealed that TMEFF2-positive cell numbers in tumor tissues were gradually decreased with the increase of clinical stage ([Figure 1C](#F0001){ref-type="fig"}).

Through in vitro studies, we further verified the expression of TMEFF2 in pancreatic cancer cells and found that the relative TMEFF2 mRNA and protein expressions were much declined in pancreatic cancer cells (SW1990, Bxpc3, CFPAC1, Panc1 and AsPC1) than that in human normal pancreatic ductal epithelial cells (HPDE6-C7) (*P*\<0.001) ([Figure 1D](#F0001){ref-type="fig"} and [E](#F0001){ref-type="fig"}). AsPC1 cells with a lower TMEFF2 expression and Panc1 cells with a higher TMEFF2 expression were selected for follow-up studies.

TMEFF2 inhibited pancreatic cancer cells in vitro proliferation and in vivo growth {#S0003-S2002}
----------------------------------------------------------------------------------

After transfection, the relative TMEFF2 mRNA and protein expressions in AsPC1 and Panc1 cells of TMEFF2 group were significantly decreased than that of NC group, indicating that cells were successfully transfected (*P*\<0.001) ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). According to CCK8 assay, after 72 hrs of transfection, the OD450 values of AsPC1 and Panc1 cells in TMEFF2 group were dramatically lower than that in NC group (*P*\<0.001) ([Figure 2C](#F0002){ref-type="fig"}). Results from colony formation analysis showed much lower colony number of TMEFF2 group when compared with NC group (*P*\<0.01 or *P*\<0.001) ([Figure 2D](#F0002){ref-type="fig"}).Figure 2TMEFF2 inhibited pancreatic cancer cells in vitro proliferation and in vivo growth. (**A** and **B**) The relative TMEFF2 mRNA and protein expressions in AsPC1 and Panc1 cells of TMEFF2 group were significantly decreased than that of negative control (NC) group. (**C**) After 72 hrs of transfection, the OD450 values of AsPC1 and Panc1 cells in TMEFF2 group were dramatically lower than that in NC group. (**D**) Much lower colony number was found in TMEFF2 group when compared with NC group. (**E** and **F**) After subcutaneous injection for 35 d, remarkably lower tumor volume and tumor weight occurred in TMEFF2 group when compared with NC group. (**G**) Tumor tissues of TMEFF2 group exhibited much higher positive TMEFF2 expression cells and obviously lower negative Ki67 expression cells than that of NC group. (**H**) Significantly higher Tunel^+^ cell number was found in tumor tissues of TMEFF2 group when compared with that of NC group. \*\**P*\<0.01, \*\*\**P*\<0.001.

In vivo experiments in nude mice were conducted by subcutaneous injection of pancreatic cancer single-cell suspensions. After subcutaneous injection for 35 d, remarkably lower tumor volume and tumor weight occurred in TMEFF2 group when compared with NC group (*P*\<0.001) ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}). Immunohistochemistry of subcutaneous tumor tissues exhibited that tumor tissues of TMEFF2 group showed much higher positive TMEFF2 expression cell number and obviously lower negative Ki67 expression cell number than that of NC group ([Figure 2G](#F0002){ref-type="fig"}). In addition, the apoptosis of tumor tissue cells was also detected by Tunel test, and significantly higher Tunel^+^ cell number was found in tumor tissues of TMEFF2 group when compared with that of NC group (*P*\<0.001) ([Figure 2H](#F0002){ref-type="fig"}).

TMEFF2 inhibited pancreatic cancer cell migration and invasion and epithelial-mesenchymal transition (EMT) {#S0003-S2003}
----------------------------------------------------------------------------------------------------------

Migration and invasion abilities of AsPC1 and Panc1 cells in NC group and TMEFF2 group were explored by Transwell experiment. Compared with the number of migration and invasion cells in NC group, it was significantly decreased in TMEFF2 group (*P*\<0.001) ([Figure 3A](#F0003){ref-type="fig"}). EMT-related protein expression in cells of the two groups was also measured by Western blot. As shown in [Figure 3B](#F0003){ref-type="fig"}, compared with NC group, the relative E-cadherin protein expression in AsPC1 and Panc1 cells of TMEFF2 group was dramatically increased (*P*\<0.001). However, remarkably decreased relative Snail, Vimentin, MMP-2 and MMP-9 protein expression was observed in AsPC1 and Panc1 cells of TMEFF2 group when compared with NC group (*P*\<0.001).Figure 3TMEFF2 inhibited pancreatic cancer cells migration and invasion and epithelial-mesenchymal transition (EMT). (**A**) Compared with the number of migration and invasion cells in NC group, it was significantly decreased in TMEFF2 group. (**B**) Dramatically higher E-cadherin protein expression and remarkably lower Snail, Vimentin, MMP-2 and MMP-9 proteins expression were found in AsPC1 and Panc1 cells of TMEFF2 group when compared with negative control (NC) group. \*\*\**P*\<0.001.

TMEFF2 inhibited pancreatic cancer cell proliferation, migration, invasion and EMT by suppressing the phosphorylation of MAPK signaling pathway {#S0003-S2004}
-----------------------------------------------------------------------------------------------------------------------------------------------

JNK and P38 were two important proteins in the MAPK signaling pathway, and the activation of MAPK signaling pathway had important impacts on tumor development. In this research, the expression of JNK, p-JNK, P38 and p-P38 proteins was detected in AsPC1 and Panc1 cells of NC group and TMEFF2 group, and the ratio of p-JNK/JNK and p-P38/P38 was calculated according to the measured expression levels of each protein. As a result, AsPC1 and Panc1 cells of TMEFF2 group had a much lower ratio of p-JNK/JNK and p-P38/P38 when compared with NC group (*P*\<0.01 or *P*\<0.001) ([Figure 4A](#F0004){ref-type="fig"}). SB203580, an inhibitor of the MAPK signaling pathway, [@CIT0016] was used to treat AsPC1 cells to investigate whether TMEFF2 affected pancreatic cancer cells\' biological behavior by affecting the MAPK signaling pathway. As shown in [Figure 4B](#F0004){ref-type="fig"}, compared with siNC + DMSO group, AsPC1 cells of siTMEFF2+ DMSO group exhibited much higher OD450 value at 72 hrs (*P*\<0.05). However, significantly decreased OD450 value was found in AsPC1 cells of siTMEFF2+ SB203580 group when compared with siTMEFF2 group (*P*\<0.001).Figure 4TMEFF2 inhibited pancreatic cancer cells proliferation, migration, invasion and epithelial-mesenchymal transition (EMT) by suppressing the MAPK signaling pathway activity. (**A**) AsPC1 and Panc1 cells of TMEFF2 group had a much lower ratio of *p*-JNK/JNK and *p*-P38/P38 when compared with negative control (NC) group. (**B**) SB203580 treatment significantly reduced OD450 value of AsPC1 cells at 72 hrs. (**C** and **D**) SB203580 treatment effectively reduced colony number and number of migration and invasion of AsPC1 cells. (**E**) SB203580 treatment obviously elevated E-cadherin protein expression and reduced Snail, Vimentin, MMP-2 and MMP-9 protein expression. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.

Results from colony formation analysis and Transwell experiment exhibited that compared with siNC + DMSO group, AsPC1 cells of siTMEFF2+ DMSO group had obviously higher colony number and migration and invasion cell numbers (*P*\<0.01 or *P*\<0.001). However, significantly reduced colony number and migration and invasion cell numbers were found in AsPC1 cells of siTMEFF2+ SB203580 group when compared with siTMEFF2+ DMSO group (*P*\<0.001) ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). Furthermore, much lower E-cadherin protein expression and obviously higher Snail, Vimentin, MMP-2 and MMP-9 proteins expression were observed in AsPC1 cells of siTMEFF2+ DMSO group when compared with that of siNC + DMSO group (*P*\<0.01 or *P*\<0.001). However, when compared with siTMEFF2+ DMSO group, AsPC1 cells of siTMEFF2+ SB203580 group had significantly higher E-cadherin protein expression and much lower Snail, Vimentin, MMP-2 and MMP-9 proteins expression (*P*\<0.05 or *P*\<0.01 or *P*\<0.001) ([Figure 4E](#F0004){ref-type="fig"}).

TMEFF2 inhibited the phosphorylation of Ras/Raf/MEK/ERK signaling pathway in pancreatic cancer cells {#S0003-S2005}
----------------------------------------------------------------------------------------------------

The effects of TMEFF2 expression on the Ras/Raf/MEK/ERK signaling pathway were researched and results are shown in [Figure 5](#F0005){ref-type="fig"}. It could be discovered that compared with NC group, prominently reduced expression of Ras, p-Raf/Raf, p-MEK/MEK, p-ERK/ERK occurred in AsPC1 and Panc1 cells of TMEFF2 group (*P*\<0.001). It was well known that Ras/Raf/MEK/ERK signaling pathway was involved in the development of a variety of tumors, including pancreatic cancer. Thus, it could be concluded that TMEFF2 inhibited the progression of pancreatic cancer by interfering with the phosphorylation of Ras/Raf/MEK/ERK signaling pathway.Figure 5TMEFF2 inhibited the phosphorylation of Ras/Raf/MEK/ERK signaling pathway in pancreatic cancer cells. \*\*\**P*\<0.001.**Abbreviation:** NC, negative control.

Discussion {#S0004}
==========

In the past few decades, molecular-targeted therapy had become a hot spot in clinical oncology research, and the discovery of some effective potential therapeutic targets was expected to completely cure human tumors in the future. Pancreatic cancer is a common malignant tumor that causes a serious poor prognosis for patients, and some potential molecular therapeutic targets for pancreatic cancer have also emerged.[@CIT0017]--[@CIT0020] In this study, TMEFF2 protein expression in tumor tissues of pancreatic cancer patients was detected using Western blot and immunohistochemistry, and downregulated TMEFF2 protein expression was found to be associated with poor prognosis. Overexpression of TMEFF2 could inhibit pancreatic cancer cell proliferation in vitro and growth in vivo. Some existing analyses of TMEFF2 in human tumors suggested that TMEFF2 was a tumor suppressor gene and it could suppress prostate cancer cells growth.[@CIT0021] Sun et al[@CIT0022] indicated that TMEFF2 expression was significantly decreased in gastric cancer cells induced by *Helicobacter pylori*, and overexpression of TMEFF2 might contribute to *Helicobacter pylori*--induced gastric carcinogenesis by negatively regulating phosphorylation of STAT3. Our data also revealed that TMEFF2 was a tumor suppressor in pancreatic cancer. To the best of our knowledge, this is the first time TMEFF2 has been studied in pancreatic cancer. In addition, according to immunohistochemistry, TMEFF2 overexpression inhibited the expression level of Ki67 in transplanted tumor tissues of nude mice. Ki67 is a widely recognized cell proliferation marker that regulates the cell cycle by affecting cell mitosis, thereby promoting tumor cell proliferation and growth.[@CIT0023]--[@CIT0025]

In the EMT process, epithelial-derived malignant cells will be transformed into more migrating and invasive interstitial cells, which greatly promote the malignant development of tumors.[@CIT0026] Decreased adhesion between cells, rupture of cell desmosome and hemidesmosome, loss of cell polarity, secretion of matrix metalloproteinase and degradation of extracellular matrix are the main features of EMT, which enable tumor cells to gain greater exercise capacity and more space for migration and invasion.[@CIT0027] E-cadherin, Snail, Vimentin, MMP-2 and MMP-9 proteins are all EMT-related proteins, which play an irreplaceable role in the occurrence of EMT.[@CIT0028] The main marker of EMT is the decrease in E-cadherin expression, and Snail binds to the E-box element on the E-cadherin promoter to inhibit the transcription of E-cadherin, thereby resulting in loss of adhesion between tumor cells and enhanced ability to invade and metastasize.[@CIT0029] Vimentin is a major component of intermediate fibers, and its high expression has been confirmed to enhance the invasive ability of tumor cells.[@CIT0030] MMP-2 and MMP-9, members of the matrix metalloproteinase family, can destroy the basement membrane by degrading IV, V-type collagen and various matrix components, thereby causing tumor cells to infiltrate and metastasize to other parts of the human body.[@CIT0031] Data from this paper indicated that overexpression of TMEFF2 attenuated pancreatic cancer cells migration and invasion by inhibiting EMT. After TMEFF2 was overexpressed, upregulated E-cadherin protein expression and downregulated Snail, Vimentin, MMP-2 and MMP-9 protein expression were found in pancreatic cancer cells.

MAPK signaling pathway has been reported to be involved in the development of various human tumors. In this research, we noticed that TMEFF2 upregulation could significantly inhibit the phosphorylation of JNK and P38 in pancreatic cancer cells. JNK and P38 are two important components of the MAPK signaling pathway, and their phosphorylation greatly promotes the progression of tumors.[@CIT0032] Previous studies have also demonstrated that the phosphorylation of JNK and P38 promoted pancreatic cancer cell proliferation, migration and invasion.[@CIT0033],[@CIT0034] Existing literature documented that TMEFF2 could participate in the regulation of human diseases development by regulating important signaling pathways, such as AKT, ERK and CRH signaling pathways.[@CIT0009],[@CIT0035] This is the first time that TMEFF2 has been found to inhibit the proliferation, migration and invasion of pancreatic cancer cells by suppressing the phosphorylation of MAPK signaling pathway. In addition, we also discovered that TMEFF2 overexpression inhibited the phosphorylation of Ras/Raf/MEK/ERK signaling pathway in pancreatic cancer cells. The Ras/Raf/MEK/ERK signaling pathway was one of the most classical pathway in the MAPK pathways, which was widely involved in the regulation of cell biological behavior and was closely related to the malignant phenotype of tumor cells.[@CIT0036] After the Ras/Raf/MEK/ERK signaling pathway was activated, the expression of Ras, p-Raf, p-MEK and p-ERK protein was increased, resulting in increased cyclin expression and elevated levels of CDK-Cyclin complex. Cells were then induced from the G0/G1 phase to the S phase, thereby promoting the progression of the cell cycle.[@CIT0037] Previous studies also illustrated that the inhibition of Ras/Raf/MEK/ERK signaling pathway activity could impede the progression of pancreatic cancer.[@CIT0038],[@CIT0039] Our data also indicated that TMEFF2 might inhibit the progression of pancreatic cancer by interfering with the phosphorylation of Ras/Raf/MEK/ERK signaling pathway.

There were limitations in this study. A more complete genotype and phenotype for each cell lines should be researched and whether TMEFF2 expression depending on TP53 mutation status should also be explored. However, due to limitations of our laboratory conditions, we are currently unable to conduct in-depth researches on this point and this will be the focus of our future research.

In short, this study discovered that TMEFF2 was significantly downregulated in pancreatic cancer and low TMEFF2 expression was obviously associated with poor outcome of patients with pancreatic cancer. More importantly, overexpression of TMEFF2 might inhibit pancreatic cancer cell proliferation, migration and invasion by suppressing the phosphorylation of MAPK signaling pathway. With the emergence of more relevant research in the future, TMEFF2 is expected to become an effective target for the treatment of pancreatic cancer.

Highlights {#S0005}
==========

Low TMEFF2 expression in pancreatic cancer was associated with poor outcome.TMEFF2 inhibited pancreatic cancer cells in vitro proliferation and in vivo growth.TMEFF2 inhibited pancreatic cancer cells migration and invasion.TMEFF2 inhibited MAPK signaling pathway activity in pancreatic cancer cells.
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